The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/Objective-We have examined the association between serum phosphate and alkaline phosphatase (ALP) with incident cardiovascular disease (CVD) outcomes and total mortality in older men. Approach and Results-A prospective study of 3381 men, aged 60 to 79 years, without a history of myocardial infarction or stroke followed up for an average 11 years during which there were 605 major CVD events (fatal coronary heart disease and nonfatal myocardial infarction, stroke, and CVD death) and 984 total deaths. ALP but not serum phosphate was associated with increased risk of coronary heart disease and overall CVD events which persisted after adjustment for CVD risk factors and markers of inflammation and after exclusion of men with chronic kidney disease (adjusted hazard ratio per SD, 1.19 [1.05, 1.34]; P=0.007 and 1.10 [1.01, 1.21]; P=0.04). In contrast, serum phosphate was only associated with increased CVD mortality owing to noncoronary heart disease or stroke causes (adjusted hazard ratio per SD, 1.35 [1.01, 1.83]; P=0.04). Both raised phosphate and ALP were associated with significantly increased total mortality after full adjustment and exclusion of men with chronic kidney disease. Conclusions-ALP but not serum phosphate is associated with coronary heart disease risk in elderly men. High levels of ALP and serum phosphate are both associated with increased total mortality. (Arterioscler Thromb Vasc Biol. 2013;33:1070-1076.) Key Words: alkaline phosphatase ◼ cardiovascular disease ◼ coronary heart disease ◼ phosphate ◼ total mortality
A ltered patterns of mineral metabolism denoted by changes in alkaline phosphatase (ALP) and circulating phosphate concentrations are often observed in end-stage renal disease. [1] [2] [3] Several clinical and epidemiological studies have linked higher circulating phosphorus or phosphate levels and serum ALP levels to increased coronary calcification and increased risk of cardiovascular disease (CVD) events and total mortality in persons with chronic kidney disease (CKD). [1] [2] [3] [4] There has been considerable interest in the relationship between markers of bone and mineral metabolism and CVD in the general population. Although several studies have shown serum phosphate to be associated with subclinical atherosclerosis, 5, 6 arterial calcification, [7] [8] [9] and increased risk of CVD (variously defined) in individuals with preexisting CVD 10, 11 as well as in individuals in the general population, [12] [13] [14] [15] [16] other studies have reported no association between phosphate and coronary heart disease (CHD) events in the general population. 13, 14, 16 ALP commonly includes isoenzymes mainly derived from the liver, bones, and in lesser amounts from intestines, placenta, kidneys, and leukocytes. 17 Although ALP is used to diagnose obstructive biliary disease, it is also considered a biochemical marker of bone turnover and is used to monitor metabolic bone disease associated with renal insufficiency. 3 In the few population studies which have investigated the association between ALP and CVD, elevated ALP is associated with increased CVD mortality and hospitalization. [17] [18] [19] ALP has been shown to be strongly associated with C-reactive protein (CRP), the definitive marker of inflammation 20 ; however, whether the ALP-CVD relationship is independent of inflammation has not been well studied. Moreover, there is a paucity of data on mineral metabolism and CVD risk in older people. We have examined the association between serum phosphate and ALP with risk of CHD, stroke, CVD mortality, and total mortality in a population of older men aged 60 to 79 years with no history of myocardial infarction (MI) or stroke.
Materials and Methods
Materials and Methods are available in the online-only Supplement. [21] [22] [23] [24] [25] [26] [27] 
Results

Baseline Characteristics by ALP and Serum Phosphate
Serum phosphate showed no correlation with ALP (r=−0.007). The mean (SD) serum phosphate in the study population was 1.15 (0.16) mmol/L and the mean (interquartile range) ALP was 80.6 (67-95) U/L. Tables 1 and 2 show the baseline characteristics according to quarters of ALP and serum phosphate in men without CVD. ALP was strongly associated with many adverse CV risk factors, including age, smoking, physical inactivity, systolic blood pressure, low high-density lipoprotein-cholesterol, lung function, CRP, von Willebrand factor (vWF), and low estimated glomerular filtration rate (eGFR). However, phosphate was inversely (ie, favourably) associated with some CV risk factors, including blood pressure and high-density lipoprotein-cholesterol. Raised ALP and raised phosphate were both associated with increased levels of N-terminal prohormone of brain natriuretic peptide, a marker of cardiac function.
Follow-Up CVD Events in Men Without Baseline MI or Stroke
During the mean follow-up time of 11 years, there were 317 CHD events, 230 stroke events, 345 CVD deaths, and a total of 605 major incident CVD events (including stroke, CHD, and CVD deaths) in the 3381 men with no preexisting CVD.
ALP and Associations With CVD Risk
High ALP (highest quarter) was associated with significantly increased risk of major CHD events and CVD mortality and CVD events after adjustment for CV risk factors; age, smoking status, physical activity, alcohol intake, body mass index, systolic blood pressure, high-density lipoprotein-cholesterol, FEV1, eGFR, and diabetes mellitus ( Table 3 ). The associations with CHD and CVD events were attenuated but remained significant after further adjustment for CRP and vWF. Further adjustment for D-dimer and N-terminal prohormone of brain natriuretic peptide did not alter the findings. In contrast to ALP, other liver enzymes, ALT, and gamma-glutamyl transferase were not independently associated with risk of CHD, and further adjustment for ALT and gamma-glutamyl transferase made little difference to the ALP-CHD findings. The positive association with CHD remained and was strengthened after exclusion of men (n=639) with eGFR <60 mL/min per 1.73 m 2 .
Serum Phosphate and Associations With CVD Risk
In contrast, phosphate showed no associations with CHD or stroke risks but showed significant associations with CVD mortality, which was attenuated after adjustment for inflammation and exclusion of men with eGFR <60 mL/min per 1.73 m 2 ( 
Total Mortality
ALP and serum phosphate were both associated with increased total mortality even after adjustment for inflammation and after excluding men with eGFR <60 mL/min per 1.73 m 2 ( Table 5 ). Adjustment for liver function (ALT and gammaglutamyl transferase) did not alter the findings. ALP and phosphate were also significantly associated with non-CVD mortality after adjustment for risk factors, including inflammation (data not shown 
Discussion
In this study of older British men without history of MI or stroke, ALP but not serum phosphate was associated with increased risk of CHD and overall CVD events which was to a large extent associated with cardiovascular risk factors and inflammation. Serum phosphate was only associated with other CVD mortality (deaths where CHD and stroke were not the underlying cause). Both ALP and phosphate were associated with significant increased risk of total mortality even after full adjustment and exclusion of men with CKD. Our findings confirm some previous findings on the association between ALP and phosphate with CHD/CVD and total mortality and extend the findings to older adults without prevalent CVD. They also take into account the role of inflammation on CV morbidity, not previously assessed in the older population.
Serum Phosphate and CVD
Although several studies have shown phosphate to be associated with increased risk of CVD events or mortality in the general population, 12, 13, 15, 28 most studies have shown no relationship between phosphate and incident CHD (fatal and nonfatal MI). 13, 14, 16 We observed no association between serum phosphate and CHD and CVD event, which is consistent with findings from 2 other older population studies (the Atherosclerosis Risk in Communities Study 13 and the Multiple Outcomes for Raloxifene Evaluation Trial of postmenopausal women in the United States 16 ). Strong evidence that phosphate is independently associated with incident CVD in the general population without established CVD comes from the Framingham offspring study which showed a positive association with CVD incidence. 15 The differences in findings may be owing to the differences in definition of CVD used as peripheral vascular disease and heart failure were included in the outcome measure in the Framingham offspring. The association with CHD specifically was not examined separately in the Framingham study. Alternatively, it may relate to the difference in the age group studied because Framingham offspring participants were on average 25 years younger than British Regional Heart Study (BRHS) men. Although no association was seen with CHD, stroke, or overall CVD events, we observed an association between serum phosphate and total CVD mortality, which is consistent with findings in the National and Nutritional Survey of older people, aged ≥65 years, 28 and the Uppsala Study in Sweden. 12 The increased risk of CVD mortality was largely owing to deaths from CVD causes other than CHD or stroke (which particularly included aortic aneurysm, peripheral vascular diseases, diseases of veins and lymphatics, and other forms of heart disease such as pulmonary heart disease and cardiomyopathy). Because overall CVD events predominantly consisted of stroke and CHD events (88%), this would account for the lack of association between phosphate and overall CVD events.
The association between serum phosphate and other CVD mortality was not explained by traditional or novel CVD risk factors. Indeed, high phosphate was associated with a more favorable CVD risk profile, including lower blood pressure and high-density lipoprotein-cholesterol, which has been noted in other studies, 29, 30 and no association was seen with markers of coagulation (D-dimer) or endothelial dysfunction (vWF). However, a weak positive association was seen with inflammation and phosphate related positively to N-terminal prohormone of brain natriuretic peptide, a marker of cardiac function. Much work on the association between phosphate and CVD has focused on the link between phosphate and vascular calcification. [5] [6] [7] [8] Our finding that serum phosphate relates to CVD death of non-CHD causes is consistent with the recent finding that phosphate is more related to calcified plaques, 31 which have been shown to be only weakly associated with the presence of coronary artery disease and less strongly associated with ischemic symptoms than noncalcified plaque. 32 Thus, the association between phosphate and calcified rather than noncalcified plaques may explain the weak association with CHD outcome (nonfatal MI and CHD death), which involves rupture of atherosclerotic plaque. We did not have the power to examine the specific causes of CVD deaths from where CHD and stroke were not the underlying cause. Aortic aneurysm accounted for about one third of all other CVD deaths. The findings from this and other studies suggest that phosphate may be more related to calcified aortic valve disease than to MI. 8 Table 3 
. Incidence Rates Per 1000 Person-Years and Adjusted Hazards Ratios (95% Confidence Interval) for Major Cardiovascular Events by Quartiles of Alkaline Phosphatase in Men Without Diagnosed Myocardial Infarction or Stroke
ALP and CVD
In contrast to serum phosphate, ALP was positively associated with CHD events as observed in previous studies, 17, 19 and ALP was strongly associated with many adverse risk factors, in particular low lung function, inflammation, endothelial dysfunction, and coagulation. It has been hypothesized that the association between ALP and CVD may be acting through inflammation. 17, 18 ALP has shown to be associated with CRP in this and other studies. 20 ALP levels may, therefore, partially reflect inflammation of hepatic origin because CRP is hepatically derived. In vascular disease, atherosclerosis is associated with inflammatory processes (reflected in raised CRP levels), and in advanced atherosclerotic plaque there is calcification and increased expression of ALP. 20 Thus, inflammation may be a common link between ALP and CHD. Because proinflammatory cytokine is known to stimulate release of vWF from vascular endothelium, this may explain the association between ALP and endothelial dysfunction, although other pathways may be clearly involved. The National Health and Nutrition Examination Survey study showed ALP to be associated with CVD mortality independent of CRP, but CRP was not measured with a high sensitivity assay. Although the association with CHD and CVD events in this study was to a large extent explained by adverse CV risk factors and inflammation, there remained a significant association between ALP and CHD events after adjustment for CV risk factors, inflammation (CRP), and vWF (a marker of endothelial dysfunction). The association between ALP and stroke events and CVD mortality in this study, however, was considerably weakened after adjustment for inflammation and vWF and after excluding men with evidence of CKD. Thus, inflammation seems to be one of the main pathways by which ALP is associated with increased CVD, with established risk factors also being highly relevant. In contrast to phosphate, ALP showed no association with CVD mortality of non-CHD causes. This suggests that the associations between phosphate and ALP with CVD mortality are operating through different mechanisms.
Total Mortality
Almost all population studies show phosphate and ALP to be associated with increased total mortality [12] [13] [14] [15] [16] [17] 28, 33 as was observed in the present study. This increased mortality, which was also evident for non-CVD causes, was seen even among men within the normal range of ALP (ALP<140 U/L) and phosphate (phosphate<1.78 mmol/L) and in men without evidence of CKD and was not explained by established cardiometabolic risk factors, markers of inflammation, or other markers of liver function (gamma-glutamyl transferase and ALT). Hypovitaminosis D is known to be associated with elevated serum ALP levels and phosphate levels, 34 and metaanalysis and studies in older subjects have shown vitamin D to be associated with increased mortality. 35 Thus, the increased total mortality associated with ALP and serum phosphate fits with epidemiological data on vitamin D levels, and therefore no comments on causal pathways should be inferred.
Strengths and Limitations
This study is based on a cohort of older (60-79 years) men. Although this is a group of considerable clinical interest as they constitute a high risk group in whom traditional risk factors become less predictive, our results need further confirmation both in similar study population and also in middle-aged populations and in women. The study population is socially representative of the United Kingdom, and follow-up rates in the British Regional Heart Study are exceptionally high. Ascertainment of CHD death and MI is based on standard methods, and both CHD mortality and MI incidence rates correspond closely with national data. We were able to take into account a wide range of CV risk factors, including several markers of inflammation and cardiac markers. However, blood measurements were based on a single measurement and we cannot preclude the possibility of residual confounding. An additional limitation is that data on isoforms of ALP were not available and we were not able to distinguish bone-specific ALP from the different isoforms of ALP. Nevertheless, the ALP-CHD association was independent of other liver tests, and thus other mechanisms potentially linked to systemic inflammation or calcified plaques may, in part, explain our observations. Further studies are needed to better understand the nature of the link between ALP and CHD. Moreover, we did not have measurements of vitamin D, an important determinant of phosphate levels.
Conclusion
In this study of older men without prevalent MI or stroke, ALP was associated with increased risk of CHD and CVD events, which was partially explained by its association with established risk factors and inflammation. By contrast, serum phosphate has weak or differential associations with established CVD risk factors and showed no association with CHD events and overall CVD events but a positive association with CVD mortality owing to non-CHD and stroke causes. Both ALP and serum phosphate were associated with increased total mortality independent of CKD and inflammation. Further studies are required to elucidate the differing association between ALP and phosphate with CHD and CVD outcomes.
Sources of Funding
The British Regional Heart Study is a British Heart Foundation (BHF) research group and receives support from BHF Program grant RG/08/013/25942. The examination of study men aged 60 to 79 years was supported by BHF project grant 97012. ALP indicates alkaline phosphatase; and CKD, chronic kidney disease. Model 1: Adjusted for age, cigarette smoking, alcohol intake, physical activity, social class, body mass index, use of antihypertensive drugs, diabetes mellitus, lung function, systolic blood pressure, and estimated glomerular filtration rate.
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